ABSTRACT Although epinephrine has been shown to improve myocardial blood flow during cardiopulmonary resuscitation (CPR), the effects of standard as well as larger doses of epinephrine on regional myocardial blood flow have not been examined. In this study we compared the effects of various doses of epinephrine on regional myocardial blood flow after a 10 min arrest in a swine preparation. Fifteen swine weighing greater than 15 kg each were instrumented for regional myocardial blood flow measurements with tracer microspheres. Regional blood flow was measured during normal sinus rhythm. After 10 min of ventricular fibrillation, CPR was begun and regional myocardial blood flow was determined. Animals were then randomly assigned to receive 0.02, 0.2, or 2.0 mg/kg epinephrine by peripheral injection. One minute after drug administration, regional myocardial blood flow measurements were repeated. The adjusted regional myocardial blood flows (ml/min/100 g) for animals given 0.02, 0.2, and 2.0 mg/kg epinephrine, respectively, were as follows: left atrium, 0.9, 67.4, and 58.8; right atrium, 0.3, 46.2, and 38.5; right ventricle, 0.7, 82.3, and 66.9; right interventricular septum, 1.7, 125.5, and 99.1; left interventricular septum, 2.8, 182.8, 109.5; mesointerventricular septum, 16.8, 142.2, and 79.2; left ventricular epicardium, 19.2, 98.5 and 108.7; left ventricular mesocardium, 22.8, 135.0, and 115.8; and left ventricular endocardium, 2.5, 176.1, and 132.9). All comparisons between the groups receiving 0.02 and 0.2 mg/kg epinephrine were statistically significant (p < .05). Comparisons between the groups receiving 0.02 and 2.0 mg/kg epinephrine were also statistically significant except for the right ventricle, right interventricular septum, left interventricular septum, and mesointerventricular septum. No statistically significant differences were noted for the animals receiving 0.2 and 2.0 mg/kg. This study suggests that epinephrine in doses larger than currently recommended during CPR is capable of improving regional myocardial blood flow over flows achieved with standard doses of epinephrine after a prolonged cardiac arrest. Circulation 75, No. 2, 491-497, 1987. EPINEPHRINE has been shown to improve regional myocardial blood flow during cardiac resuscition.'
strated that higher doses of epinephrine than are currently recommended may improve cerebral blood flow over standard doses of epinephrine.3 It is the purpose of this investigation to determine whether higher doses of epinephrine further improve regional myocardial blood flow during closed-chest CPR after a 10 min cardiac arrest in a swine preparation.
Methods
CPR model. One important limitation of studies involving cardiac resuscitation has been the inability to develop an adequate model of human cardiac arrest. Several problems have been identified, including differences in species used for these studies. The use of swine more closely reflects human thoracic and coronary anatomy than does the canine preparation, which has typically been used in previous studies. The transverse shape of the swine chest more closely resembles the human thorax than does the keel-shaped chest of the dog.4`The coronary blood vessels,7 the conduction system,8 and the epicardial blood supply9 of swine more closely aproximate the human heart than do those of the dog. We have also chosen a prolonged period of ventricular fibrillation (10 min) before initiating closed-chest CPR in studying the effect of epinephrine. We believe that this more accurately reflects the prehospital setting than the short arrest times used in many previous studies. Liberthson et al'0 reported that the average time from onset of cardiac arrest to initial defibrillation was 15.3 min. White et al." also reported an average time to initiation of CPR after cardiac arrest of 13.5 min. These long "downtimes" (intervals between the onset of ventricular fibrillation and the initiation of CPR) contrast with many experimental studies that have employed downtimes of 3 min or less. The importance of using a longer downtime lies in the fact that regional organ blood flow becomes more difficult to generate as the downtime is increased.'5, 16 Thus we believe that our preparation, using peripheral administration of epinephrine in swine after a prolonged cardiac arrest, more accurately reflects the true clinical prehospital setting than have previous experimental preparations.
Animal preparation. Fifteen swine, each weighing greater than 15 kg (range 16.8 to 28.2) were studied. Each animal underwent mask induction with 3% halothane and oxygen. The animals were then placed in a dorsal recumbent position on a Vshaped board, with the limbs secured to prevent lateral displacement of the thorax during CPR. A standard lead II electrocardiogram was used for rhythm monitoring. The animals were then intubated through a tracheostomy with a cuffed endotracheal tube and anesthesia was maintained with 1 % halothane and oxygen. The following vascular lines were secured: ( 1) a pigtail catheter with multiple distal side-ports was placed into the left ventricle for injection of tracer microspheres; (2) a catheter for microsphere withdrawal was inserted in the descending thoracic aorta above the level of the diaphragm; (3) a catheter was placed in the ascending aorta for continuous arterial pressure monitoring; (4) a No. 4F bipolar pacing wire was placed in the right ventricle for induction of ventricular fibrillation; and (5) an ear vein was used for peripheral intravenous drug administration. The position of the catheters and pacing wire were verified by fluoroscopy and characteristic pressure tracings.
Tissue blood flow and hemodynamic measurements. Tissue blood flow was measured with radionuclide tracer microspheres according to the technique of Heymann et al. 17 Tracer microspheres with a mean diameter of 15 + 0.3 gm were used.'8 Three different radioactive labels were injected: '41Ce, 51Cr, and 95Nb. The lower energy-emitting isotope, "4'Ce, was used during normal sinus rhythm, and the higher energy-emitting isotopes, 51Cr, and 95Nb, were used during CPR before and after administration of epinephrine, respectively. This was done to minimize the overlap of higher energy-emitting isotopes into the lower energy windows. 12 Before injection, the microsphere vial was well shaken and placed in a warm water bath ultrasonicator for 1 min. Approximately 6.0 x 105 microspheres were forcibly injected with 20 ml of normal saline through the pigtail catheter for each blood flow determination. The withdrawal catheter was connected to a calibrated withdrawal pump and blood was withdrawn at a rate of 9.89 mllmin. The withdrawal pump was begun 10 sec before microsphere injection and continued for a total of 150 sec. Previous work in our laboratory has demonstrated that this is sufficient time to collect greater than 99% of the microspheres injected during CPR (see below). At this point, the withdrawal pump was stopped and the reference organ blood sample was removed and placed into counting vials.
At the end of the experiment, aliquots of the following tissues were obtained, weighed, and placed into counting vials: left atrium, right atrium, right ventricle, right ventricular portion of the interventricular septum, mesoportion of the interventricular septum, left ventricular portion of the interventricular septum, epicardium of the left ventricle, mesocardium of the left ventricle, endocardium of the left ventricle, right and left lungs, right and left kidneys, and right and left cerebral cortices. The radioactivity in counts per minute for each of the tissues and reference blood samples were determined by a multichannel autogamma scintillation spectrometer (Packard 9042). The overlap from the high-energy isotopes into the low-energy windows was subtracted from each tissue sample to give a corrected count for each isotope (differential spectroscopy).17 Tissue blood flow was calculated according to the formula"7:
tissue blood flow (ml/min) tissue activity (cpm) reference organ blood flow (ml/min) reference organ activity (cpm)
Arterial pressures were recorded 2 min after administration of epinephrine. The pressure catheter was connected via a Statham Pb 23 transducer to an Electronics-for-Medicine Recorder (Honeywell, Model 182014). The average of five readings during each phase was used for calculations.
Validation of the microsphere technique. Several potential sources of error must be considered when using the microsphere technique. These include (1) inadequate washout of the microsphere bolus from the left ventricle,'9 (2) nonhomogeneous mixing of the microspheres with blood, 17 (3) incomplete collection of the reference blood sample,'7 (4) shunting of microspheres, 17 and (5) inadequate number of microspheres present in each tissue sample to ensure precision of the blood flow measurements. 17 To validate our technique, the following additional procedures were carried out: A 20 ml left ventricular blood sample was obtained from the pigtail catheter after microsphere blood flow determinations during CPR and the radioactivity of the remaining microspheres was calculated. This was multiplied by 2.5 since the average left ventricular blood volume in swine of this size is approximately 50 ml.20 This was then divided by the total counts per minute injected. A residual count of less than 2% of the total microspheres injected was considered good evidence for adequate ejection of microspheres from the left ventricle.'3 To determine whether adequate mixing of the microspheres and blood occurred, a comparison of blood flow values to the right and left cerebral cortices and right and left kidneys was performed.'7 To ascertain whether a significant number of microspheres bypassed the tissues of interest, a comparison of total lung flow to the total cardiac output was made. A ratio of less than 1 % was considered good evidence that a significant shunt did not exist. 21 In performing this calculation, one must consider that bronchial blood flow also contributes to total lung blood flow. Thus the calculated ratio actually represents an overestimation of the true shunt. 17 An additional source of error in the calculations could occur if there was significant adherence of the microspheres to the injection apparatus. This was studied by measuring the counts per minute in the injection apparatus after microsphere injection and saline flush. In no case did the counts per minute exceed 1 % of the total injected activity. The activity measured for the stopcock and left ventricular catheter did not exceed the background activity for each isotope.
To determine whether an adequate reference blood sample was obtained, a pilot study was conducted. A withdrawal catheter was placed in the descending thoracic aorta. During CPR, blood from the withdrawal catheter was allowed to drip passively into scintillation vials, which were replaced every 15 sec for a CIRCULATION 492 total of 5 min. The microsphere bolus was injected as described above. The counts per minute in each scintillation vial were then determined to establish the interval at which the measured activity returned to background (indicating complete collection of the reference sample). This occurred 3 min, 15 sec into withdrawal. At 2.5 min (150 sec), more than 99% of the microspheres had been collected.
Experimental design. Animals were assigned to receive closed-chest CPR plus 0.02, 0.2, or 2.0 mg/kg epinephrine by a randomized block design. Each animal received only one dose of epinephrine during CPR. Before any hemodynamic or blood flow measurements, halothane anesthesia was discontinued for a minimum of 10 min. End-tidal halothane concentration measured at this time by an Enstrom EMMA (831091; Enstrom Medical AB, Sweden) was 0.15%. Anesthesia was maintained with a-chloralose at a dose of 25.0 to 100 mg/kg (a dose sufficient to abolish the lateral canthal relex). Regional blood flow measurements were made during normal sinus rhythm. Ventricular fibrillation was then induced by passing a 60 Hz alternating current at 25 mA through the right ventricular pacing wire for 3 sec. Ventricular fibrillation was confirmed by both electrocardiography and loss of arterial pressure and was allowed to persist for 10 min. CPR was then begun with a mechanical resuscitator (Thumper, Michigan Instruments, Model 1004, Grand Rapids) set at the following: Fio2 0.85, ventilation pressure 40 cm H20, chest compression force 80 to 90 pound, duty cycle 0.5, compression rate 80/min, and ventilation rate 16/min. This compression force was sufficient to depress the sternum 1.5 to 2.0 inches. Regional blood flows were measured 30 sec after the onset of CPR. Immediately after these measurements were made, the appropriate dose of epinephrine was administered through the peripheral vein (this was done to simulate the administration of drugs as performed in a prehospital setting by emergency medical service personnel). Administration of epinephrine was followed by a 5 ml normal saline flush (the same quantity of radiopaque dye traced fluoroscopically reaches the central circulation in this preparation). The vein was inspected after the injection to ensure that local infiltration had not occurred. Regional blood flow determinations were begun 1 min after drug administration. Measurements of aortic pressure were performed 2 min after administration of epinephrine. We based this time frame for our hemodynamic measurements on pilot studies that traced the time to peak effect (increase in aortic diastolic pressure) after the administration of epinephrine during CPR. These data demonstrated that peak aortic diastolic pressures are observed between 60 and 90 sec after administration of epinephrine. Therefore our 150 sec reference collection time begun 1 min after administration of epinephrine would include the time of peak effect. Statistical analysis. Regional myocardial blood flow measurements after drug administration were compared by an analysis of covariance. Significant covariables (regional myocardial blood flow during normal sinus rhythm and during CPR) were determined by a general linear models procedure (regression analysis). Significant comparisons were followed up with Tukey's multiple comparison procedure. Student's paired t test was used to compare right and left renal and right and left cerebral cortical flows (validation studies). Tukey's multiple comparison procedure was used to test for differences in aortic systolic and aortic diastolic pressures after epinephrine. Statistical significance was considered at p < .05 for all comparisons.
Ethics. The study conforms to the guiding principles of the American Physiological Society.
Results
Validation data. A summary of the validation studies is displayed in table 1. In only one case did the microsphere counts remaining in the left ventricle exceed 1% of the total injected counts. Comparisons between paired organ blood flows (right and left cerebral cortices, right and left kidneys) revealed no significant differences and thus provided evidence for uniform distribution of microspheres. The calculated shunt exceeded 1% in only four of the 30 measurements made during CPR.
Myocardial blood flow. The means and standard deviations for regional myocardial blood flow to each tissue during normal sinus rhythm and during CPR (before drug administration) are shown in tables 2 and 3, respectively. These results demonstrate low regional myocardial blood flow with standard external cardiac compression after a 10 min cardiac arrest. In no case did the mean regional myocardial blood flow exceed 9.0 ml/min/100 g of tissue during CPR. The means and standard deviations for regional myocardial blood flow table 4 . For all tissue samples, regional myocardial blood flow after administration of 0. 2 mg/kg epinephrine was significantly better than myocardial flow after administration of 0.02 mg/kg (p < .05). No significant difference was detected in regional myocardial blood flow between 0.2 and 2.0 mg/kg epinephrine for any of the tissue samples examined (p > .05). For all the tissue samples except the left ventricular epicardium, myocardial blood flows after administration of 0.2 mg/kg epinephrine exceeded flows after administration of 2.0 mg/kg. Because of the small number of animals included in each group and the variability in the data, for animals receiving 2.0 mg/kg regional flow for several tissues was not statistically different from that for animals given 0.02 mg/kg epinephrine. These tissues included the right ventricle, right interventricular septum, left interventricular septum, and mesointerventricular septum. It should be noted that a clear trend demonstrating higher regional myocardial blood flows after 2.0 mg/kg epinephrine compared with 0.02 mg/kg existed despite the failure to achieve statistical significance. No statistical significance could be demonstrated in the endocardial-to-epicardial blood flow ratios among the three groups after administration of epinephrine. The means and standard deviations for aortic systolic and diastolic pressures are shown in table 5 for each of the three doses of epinephrine.
There was no significant difference in aortic pressures among the groups.
Discussion
A crucial factor in determining the ability to successfully restore spontaneous circulation during CPR is the level of regional myocardial blood flow.' The exact level of myocardial blood flow needed to resuscitate the heart is unknown. Estimates of the level of coronary blood flow required to meet the metabolic needs of the fibrillating heart range from 20 to 25 ml/min/ 100 g. 22 The results of the present investigation confirm that regional myocardial blood flow is extremely low with standard external cardiac compression during CPR after a 10 min arrest. Although total myocardial blood flow during normal sinus rhythm ranged from 105.1 to 189.4 ml/min/ 100 g for the three groups (table 3) , total myocardial blood flows measured during CPR before administration of epinephrine were 1.6 to 6.0 ml/min/ 100 g. The inability of standard external cardiac compression alone to adequately perfuse the fibrillating heart during CPR appears to be well documented from both laboratory and clinical studies.23 25 Newer forms of CPR have been developed in an effort to improve organ blood flow during cardiac arrest by augmenting intrathoracic pressure. These methods have included continuous abdominal binding, simultaneous ventilation-compression (simultaneous ventilation compression-CPR) and interposed abdominal compressions (interposed abdominal compression-CPR). Although these methods have improved regional blood flow to extrathoracic structures, the improvement in myocardial blood flow has been less impressive (table 6) 12-14. 16, 19.26 Regional myocardial blood flow during CPR after epinephrine (ml/minf100 g, mean ± SD)A AAdjusted flows in parentheses.
Epinephrine has long been known to be effective in CPR. Crile and Dolley27 first studied the use of epinephrine in experimental cardiac arrest in 1906. Redding and Pearson28 29 confirmed the beneficial effect of epinephrine in improving the return of spontaneous circulation after cardiac arrest in experimental canine studies. They demonstrated that the improved resuscitation rate was due to epinephrine's action in increasing aortic diastolic pressure and thus improved myocardial blood flow. Few studies have been conducted to determine the most effective dose of epinephrine during cardiac arrest. The current American Heart Association guidelines suggest a dose of 0.5 to 1.0 mg of epinephrine intravenously during CPR.2 These recommendations appear to be based on the orginal dose suggested by Crile and Dolley,27 which was used in subsequent studies by Redding and Pearson.28 29 regional myocardial blood flow after a prolonged cardiopulmonary arrest. The mean regional myocardial blood flow exceeded 38 ml/min/100 g for all of the tissue studied after administration of 0.2 and 2.0 mg/kg epinephrine. These values are above the minimal critical flow of 16 to 25 ml/min/ 100 g theoretically needed to resuscitate the fibrillating heart. The total myocardial blood flows for 0.2 and 2.0 mg/kg epinephrine were 112.7 + 62.2 and 93.5 ± 51.8 ml/min/ 100 g, respectively. This is in contrast to regional myocardial blood flow for swine receiving standard doses of epinephrine (0.02 mg/kg), in which total myocardial flow averaged 1.8 + 2.8 ml/min/100 g. After 10 min of cardiac arrest, the critical level of 16 to 25 ml/min/ 100 g after 0.02 mg/kg epinephrine was not achieved for any of the tissues examined.
Several potential problems still must be addressed before higher doses of epinephrine can be recommended for clinical use. Because of its /3-agonist properties, epinephrine has been shown to increase myocardial oxygen consumption and therefore may adversely affect the myocardial supply/demand balance.3' Similarly, because of epinephrine's /8-adrenergic properties, elevation of intraventricular pressure during CPR has also been noted.31 This leads to a redistribution of blood flow toward the epicardium and away from the subendocardium.31 However, the study noting this used animals undergoing cardiac bypass and receiving dipyridamole to induce maximal coronary vasodilitation.3' The applicability of this preparation to cardiac arrest with standard closed-chest compression is debatable. An unfavorable balance of endocardial-to-epicardial flow was not found with high-dose epinephrine in our study. Although the endocardial/epicardial ratio was less than 1.0 for each of the three groups during CPR, the ratio was greater than 1.0 for each group after administration of epinephrine (tables 3 and 4). Moreover, the mean left ventricular endocardial blood flows for both high-dose epinephrine groups after drug administration (0.2 and 2.0 mg/kg) were far in excess of the minimal critical flow needed to resuscitate the fibrillating heart. Left ventricular endocardial flow was 176.1 + 103.5 ml/min/100 g in animals receiving 0.2 mg/kg epinephrine and 132.9 ± 82.3 ml/min/100 g in those receiving 2.0 mg/kg. Additionally, concerns have been raised regarding the relationship between high doses of catecholamines and ultrastructural changes in the myocardium. Elevated plasma catecholamine levels have been associated with contraction band necrosis ("catechol necrosis'). The appearance of this lesion appears to be related to the duration of exposure as well as to the level of catecholamines.31 Further studies of myocardial oxygen supply/demand and the issue of catecholamine necrosis during CPR are required to resolve these issues.
Conclusions. The results of this study confirm that regional myocardial blood flow remains far below the minimum critical level of 16 to 25 ml/min/100 g needed to successfully resuscitate the heart in ventricular fibrillation with conventional closed-chest CPR. Myocardial blood flow is not increased above this critical level after the administration of standard doses of epinephrine (0.02 mg/kg). Epinephrine in doses higher than currently recommended (0.2 and 2.0 mg/kg) appear to augment regional myocardial blood flow above this critical threshold. Further study is needed to examine what effect higher doses of epinephrine have on myocardial oxygen supply/demand balance and myocardial ultrastructure (contraction band necrosis). Finally, the ability of higher doses of epinephrine to improve defibrillation rates in this preparation require additional evaluation.
